The developmental program of hematopoiesis is conserved throughout vertebrate evolution (1) . The site of blood formation changes sequentially during development from yolk sac in the early embryo, to the liver in the fetus, and finally to bone marrow in the adult. During embryonic and adult hematopoiesis, stem cells proliferate and differentiate into multipotential progenitors, which subsequently mature along individual lineages, producing erythroid, myeloid, and lymphoid cells (2) . Pluripotent stem cells derived from either embryonic (primitive) or adult (definitive) hematopoietic regions can reconstitute hematopoiesis in a lethally irradiated animal (3) .
The earliest events determining the hematopoietic program in vertebrates have yet to be defined. Groudine and Weintraub (4) studied the presumptive hemoglobin-forming area of 20-to 23-hr chicken embryos plated in fibrin clot assays and estimated that hematopoietic commitment begins during early gastrulation, long before blood formation is histologically evident. Hence, early events accompanying the differentiation of mesoderm lead to the formation of hematopoietic tissue.
The inductive process of dorsal and ventral mesoderm formation has been intensively examined in Xenopus laevis (5) . Although considerable information exists regarding embryonic muscle commitment and differentiation (6) , the induction of ventral mesoderm to form blood is less well characterized. X. laevis is an excellent species in which to study the developmental expression of the hematopoietic program. Developmental stages have been well defined, and embryos can be analyzed prior to the appearance of recognizable hematopoietic cells (7) . Embryonic ventral blood islands form about 36 hr after fertilization (stage 30, Nieuwkoop). At metamorphosis, the liver becomes the predominant site of hematopoiesis. Amphibians are the first organism in evolution to use bone marrow as a site for adult hematopoiesis, although the spleen and liver retain some hematopoietic functions. As a result of a genomic duplication event, which occurred about 80 million years ago, X. laevis has two globin gene clusters on distinct chromosomes (8, 9) . Each individual cluster contains linked a and ,B globin loci organized in an aL-aLbA-SABLa arrangement (L for larval and A for adult). Hemoglobin switching occurs from early larval to late larval globins at hatching and from larval to adult globins at metamorphosis (10) .
Formation of yolk sac blood elements from pluripotent cells of the embryo, the earliest stages of embryonic hematopoiesis, must be regulated, at least in part, by cellspecific transcription factors. In vertebrates, DNA-binding proteins that recognize consensus motifs containing the core sequence GATA appear to be critical for normal erythroid development (11) (12) (13) . These transcription factors form a family of proteins related by virtue of their highly conserved zinc-finger DNA-binding domains. Three members (designated GATA-1, -2, and -3) have been characterized from mammalian and avian species (13) . GATA-1, the founding member of the family, is expressed only in hematopoietic cells and is further restricted to erythroid, megakaryocytic, and mast cell lineages (14) (15) (16) (17) (18) (19) . GATA-2 is expressed in these lineages and in several nonhematopoietic cell types (20, 46) . GATA-3 is highly expressed in T-lymphoid cells but is also present in definitive erythroid cells of the chicken and in fetal brain (20) (21) (22) (23) . Functional GATA-binding motifs are present in the promoters or enhancers of the vast majority of erythroid-expressed genes (15) and in the locus control regions of the a-and ,3-globin gene complexes in humans (13, 24) . Gene targeting in murine embryo-derived stem cells has shown that GATA-1 is absolutely required for erythroid development (25) . In the developing mouse embryo, GATA-1 expression precedes and parallels the increased expression of globin mRNA (26) . GATA-1 mRNA is evident during yolk sac hematopoiesis; however, no information is available regarding the onset of expression of this transcription factor since earlier tissues have not been examined. (29) . Total ovary was used as a source of oocyte RNA. PCR primers were designed to encompass an exon boundary based on the known structure of the murine and human GATA-1 genes (30). The following primers of the Xenopus cDNA clones were utilized: GATA-1A (nucleotides 597-617 and 1206-1224 for product length of 627 bp), GATA-2 (nucleotides 1387-1412 and 1632-1655 for a product length of 268 bp), GATA-3 (nucleotides 1186-1205 and 1671-1693 for a product length of 507 bp), ,f1Tl globin (nucleotides 81-101 and 408-429 for a product length of 348 bp) (31) , and MyoD (nucleotides 164-186 and 484-507 for a product length of 343 bp) (32) . RT-PCR was performed as described (33) using 1 ,g of total cellular RNA. The PCR program used in a Perkin-Elmer Thermocycler consisted of 1 min at 94°C, 1 min at 55°C, and 3 min at 72°C for 30 cycles, and a final 7-min extension. One-half of the product was visualized by ethidium bromide staining after electrophoresis through a 5% polyacrylamide gel. Controls included a RT reaction without RNA and a reaction with HeLa cell total RNA.
RESULTS AND DISCUSSION
Cloning of cDNAs Encoding Xenopus GATA-Binding Proteins. By crosshybridization to a murine GATA-1 zinc-finger cDNA probe, we isolated clones for the Xenopus homologue of GATA-1 from an erythroid cell cDNA library. Two distinct cDNAs encoding the xGATA-1 (termed A and B) were identified ( Fig. 1) . Xenopus homologues of GATA-2 and GATA-3 were isolated from a stage 17 embryo cDNA library (Fig. 1) . In one xGATA-2 clone, a 33-bp insertion, corresponding to the peptide sequence RNSVSSSFHLE, was present between amino acid residues 314 and 315 of the alignment in Fig. 1 , presumably the result of alternative RNA processing. This corresponds to an exon boundary in the murine GATA-1 gene. Similar alternative processing of cGATA-2 has been observed (J. D. Engel, personal communication). All clones could be aligned with the known vertebrate GATA-binding proteins. The deduced sizes of GATA-1, -2, and -3 are 39 kDa, 49 kDa, and 47 kDa, respectively. Xenopus and chicken GATA-1 proteins are smaller than GATA-2 and -3, whereas all other mammalian GATA-binding proteins are approximately the same size.
Comparative Sequences of GATA-Binding Proteins. Characterization of the Xenopus GATA-binding proteins now permits comparison of deduced amino acid sequences among all vertebrate species in which hematopoietic development has been studied at the molecular level (Fig. 1) . Several features are notable and merit comment. (i) The zinc-finger domains, which are necessary for sequence-specific DNA binding (34) , reveal extraordinary conservation among all species (Fig. 1). (it) GATA-2 and GATA-3 are highly conserved throughout their entire polypeptide structure and are both related more closely to each other than to GATA-1. (iii) Outside the finger domains, mammalian, avian, and amphibian GATA-1 protein sequences are strikingly divergent, particularly in contrast to the strong maintenance of primary sequence of the other GATA proteins through evolution. Although the implications are unknown, such divergence is unexpected given the common features of erythroid gene regulation noted in all vertebrates. The presence of two distinct xGATA-1 sequences presumably reflects genomic duplication in Xenopus (8) . Distinct forms of GATA-2 have also been isolated (unpublished data). (iv) Despite extensive conservation of the zinc-finger domains of all species, alignment of the numerous members now highlights amino acid differences that distinguish GATA-1, -2, and -3 (Fig. 2) . The major differences are situated near exon boundaries. This is particularly evident in the region corresponding to the N-terminal segment of exon 5 (aligned to mGATA-1). Previous data indicate that the N-terminal finger domain cooperates with the C-terminal finger to maximize highly stable sequence-specific DNA binding (34) . Although all members of the GATA-binding family recognize highly similar consensus target sites of the general form [(A/T)GATA(A/G)], it is presently unknown whether they discriminate among individual sites. If the binding specificities of the various GATAbinding proteins are indeed subtly different, the amino acid differences shown here may provide a structural basis for fine recognition.
RNA Expression of GATA-Binding Proteins. Consistent with a presumptive role of GATA-1 in erythroid gene expression, xGATA-1 mRNAs are abundant in both tadpole and adult erythroid cells and not detectable in oocytes, as shown by Northern blot analysis (Fig. 3A) . Adult reticulocytes lack GATA-2 RNA (data not shown) but do contain GATA-3 RNA (Fig. 3B) . Although the egg and a fibroblast line (XL) lack xGATA-3 RNA, the embryonic cell line XTC, which is known to produce mesodermal-inducing activity (activin-A) (35) , expresses xGATA-3 at a high level (Fig. 3B) . Whereas hematopoietic cells in the bone marrow or spleen have been shown to express activin (36) , there is no evidence that the XTC cell line has any hematopoietic properties.
A more detailed analysis of expression of xGATA-1, -2, and -3 RNAs throughout Xenopus development suggests potential roles for these transcription factors during embryogenesis. As shown in Fig. 4A, xGATA-1, -2 the GATA-binding proteins temporally follows the exprespressed differentially, restricted to particular cell types and sion of xMyoD, the muscle-restricted helix-loop-helix regdevelopmental stages, and in some tissues, coexpressed with ulator, which is initially detected at stage 9 (Fig. 4A) (20, 21) and, consequently, may be anticipated to act during neurogenesis. Our preliminary RNA in situ analyses in Xenopus indicate that GATA-1 and GATA-2 are expressed in the developing ventral blood island region, and GATA-2 and GATA-3 are detected in defined regions of the embryonic nervous system (unpublished results). (it) As shown in Fig. 4 first expression of xGATA-1 and the appearance of ventral blood islands is reminiscent of studies of hematopoietic commitment in chicken embryos. Through study of the presumptive hemoglobin forming area of 20-to 23-hr chicken embryos plated in fibrin clot assays, Groudine and Weintraub (4) estimated that hematopoietic commitment begins during early gastrulation. Perhaps early expression of xGATA-1 (or xGATA-2) allows for subsequent hematopoietic differentiation, which may be promoted further by specific mesodermal inducing factors in the developing embryo.
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Smith and coworkers (42, 43) have reported that multipotential animal pole explants from Xenopus embryos form blood-like cells when cultured in the presence of mesodermal-inducing factors, such as basic fibroblast growth factor. These cells, however, are not mature erythroid cells since globin was not detected. By transplantation of cytogenetically distinct ventral blood island tissue, it has been demonstrated that a small ventral portion of the embryo contains stem cells that will ultimately yield erythrocytes, macrophages, thymocytes, and B lymphocytes (41) . Of great interest, the location of the embryo to which the stem cells are transplanted influences the frequency of contribution to committed cell lineages (44) . Lymphoid contribution is significantly increased when cells are transplanted to a peripheral location in the embryo, whereas erythroid contribution is increased when cells are placed in a central region. Hence, environment apparently exerts a directive effect on stem cells of the embryo to form particular hematopoietic tissues. In this context, the expression of xGATA-1 RNA at stage 11 may reflect a potential commitment of mesoderm to hematopoietic differentiation, analogous to the low-level wide-spread expression of MyoD at midblastula transition (45) . Preliminary experiments reveal that cultured animal-cap multipotential cells express GATA-1 RNA after MyoD RNA levels have declined (unpublished results), perhaps indicating a temporal expression of mesodermal commitment. Further study of the mechanisms by which growth factors or cell-cell interactions activate expression of xGATA-binding proteins or, subsequently, localize these proteins to a particular region of the embryo (e.g., ventral blood islands) may provide valuable insights into the inductive process of hematopoietic mesoderm formation.
